We investigated the effect of deuteration on the vibrational ground state of the hydrated hydroxide anion using a nine-dimensional quantum dynamical model for the case of J = 0. The propagation of the nuclear wave function has been performed with the multi-configuration time-dependent Hartree method which yielded zero-point energies for the normal and fully deuterated species in quantitative agreement with previous diffusion Monte Carlo calculations. According to the zeropoint energy the isotopomers having the hydrogen atom in the bridging position are more stable by about 1 kJ/mol as compared to the deuterium case. This holds irrespective of the deuteration state of the two OH groups. We also report the secondary geometric H/D isotope effect on the O-O distance which amounts to an elongation of about 0.005Å for the symmetric isotopomers and 0.009Å in the asymmetric case. Finally, we explore the isotopomer sensitivity of the ground state tunneling splitting due to the torsional motion of the two OH groups. *
I. INTRODUCTION
Charged clusters with strong hydrogen-bonds have attracted considerable interest recently due to the progress of both, infrared spectroscopy and multidimensional quantum dynamical modeling [1, 2] . In particular the hydrated proton and its negative analogue, the hydrated hydroxide anion, have been investigated in quite some detail. For example, the Zundel cation, H 5 O + 2 , became the paradigm for the predictive power of ab initio quantum dynamical calculations [3, 4, 5] . The monohydrated hydroxide anion, H 3 O − 2 , has been studied by Johnson and coworkers using argon predissociation spectroscopy. In the range above 3000 cm −1 a sharp doublet has been detected [6, 7] at about 3650 cm −1 which was subsequently assigned to emerge from transitions between the HOOH torsion doublet and the "free" OH stretchings [8] . The spectral range from 1000-1900 cm −1 is dominated by a peak at 1090 cm −1 which was attributed to result from a combination of bridging hydrogen (BH) stretch, wag, and rock motions of the whole complex [9] . Effectively, this corresponds to a displacement of the BH away from the O-O axis. The region below 1000 cm −1 was finally addressed in Ref. [10] . Besides two smaller features at 940 cm −1 and 995 cm −1 , with one being the second perpendicular mode of the BH, the spectrum is dominated by an intense and rather narrow peak at 697 cm −1 which has been assigned to the BH motion along the O-O axis.
The principal difficulty in assigning the H 3 O − 2 spectrum arises from the fact that similar to the Zundel cation one has to deal with a strong hydrogen bond in a floppy structure.
In other words, the vibrational dynamics is rather anharmonic and any calculation bound to the harmonic approximation is likely to fail at least for the BH modes. Moreover, this system features a double minimum potential with a barrier of only about 75 cm −1 [11] .
Therefore, the classical equilibrium structure will be nonsymmetric, e.g
. [H-O-H· · · O-H]
− , but as the zero-point energy (ZPE) including the BH motion is above the barrier the symmetric C 2 structure [H-O· · · H· · · O-H] − will be stabilized [11, 12, 13] as in other hydrogen-bonded clusters [14] . Of course, this affects especially the transition frequency of the BH stretching vibration drastically. Klopper et al. [11] calculated a one-dimensional potential energy curve for this vibration which gave a ZPE about 350 cm −1 above the barrier and a fundamental transition frequency of about 1030 cm −1 which is lower than the harmonic prediction for a nonsymmetric structure (BH stretch coupled to the water bend around 1600-1700 cm −1 [12] ), but still far above the experimental value of 697 cm −1 [10] . This points to the need for a multidimensional treatment of the infrared spectrum as reported by J. Bowman and coworkers who used multimode reaction path vibrationally self-consistent field/configuration interaction (VSCF/CI) and diffusion Monte Carlo (DMC) techniques [8, 15] . For the specific case of the BH stretch these methods gave 741 cm −1 and 644 cm −1 , respectively. The accuracy (most modes within 38 cm −1 ) of the VSCF/CI was recently confirmed by Lanczos diagonalization calculations in Ref. [16] ,
In this contribution we will focus on the effect of H/D isotopic substitution on the properties of the hydrogen-bond in this complex. Our primary goal is to answer the question
− yields an energetically more stable structure. This issue is related to the problem of isotopic exchange equilibriums and associated fractionation factors which have been discussed for gas phase reactions of hydrogen-bonded ions [17, 18, 19] as well as in aqueous [20, 21] and other [22, 23] solutions. An extensive account on the stability of various charge and neutral water clusters has been given by Scheiner and coworker employing the MP2 method together with a (small) 6-31+G** basis set [24] . The picture which emerged upon comparing harmonic ZPEs has been as follows: In neutral clusters like the water dimer the O· · · D· · · O hydrogen bond is stronger than the O· · · H· · · O one mostly due to the intermolecular vibration of the bridging proton/deuteron. In charged clusters O· · · H· · · O wins as a consequence of the change in ZPE of the intramolecular water OH/D stretching vibration. In passing we note that for the Zundel cation this conclusion has been recently confirmed using anharmonic calculations [25, 26] . For H 3 O − 2 the difference in ZPE is as small as about 50 cm −1 , although it was argued that this effect is enhanced by entropic effects.
A related question could be asked for the doubly substituted case. Here, harmonic analysis
It is important to emphasize that the conclusions for H 3 O − 2 have been drawn from harmonic calculations with respect to nonsymmetric equilibrium structure. In view of the discussion above this calls for having a second look at this problem from the perspective of a quantum mechanical treatment in full dimensionality.
The change in strength of the hydrogen bond upon isotopic substitution is also reflected in geometric isotope effects (GIE) which is yet another manifestation of the multidimensional anharmonic nature of the potential energy surface (PES) [27, 28] . For weak hydrogen bonds, having a double minimum PES, H/D substitution leads to a shorter O-D distance as compared to O-H. This in turn weakens the hydrogen bond thus causing the O-O distance to increase. For strong symmetric hydrogen bonds where the ZPE is above the barrier and the vibrational distribution has its maximum at the barrier top, H/D substitution reduces the width of this distribution which pulls the oxygens towards the deuterium, that is, the O-O distance decreases. In the present paper we will address the GIE for all isotopomers and different degrees of deuteration on the basis of the full-dimensional ground state wave function, that is, at zero temperature.
In the following Section II A we will present a nine-dimensional (9D) Hamiltonian which describes the vibrational motion of H 3 O − 2 in full-dimensionality for total angular momentum equal to zero. This Hamiltonian is based on the PES developed by Bowman and coworkers [15] . The related operator for the kinetic energy is given in the Appendix. The vibrational ground state is obtained by imaginary time-propagation using the Multi-configuration Timedependent Hartree (MCTDH) method [29, 30] ; numerical details of the calculation are given in Section II B. In Section III we will present results on the vibrational ground state of the different isotopomers and on the GIE. The paper is summarized in Section IV.
II. THEORETICAL MODEL

A. 9D Hamiltonian
The choice of coordinates is crucial as it determines the strength of correlations between different degrees of freedom in the potential and kinetic energy operator. For the present case the issue is complicated as there is the possibility of large amplitude torsional motion.
This made it necessary to use a reaction path approach in Ref. [15] , which combined the torsional reaction coordinate with orthogonal normal mode displacements taken with respect to the C 2 transition structure. Here we will use internal coordinates, which is less restrictive but comes at the expense of a more complicated kinetic energy operator. After separating the total center of mass, the four Jacobi vectors shown in Fig. 1 will be used: R 1 and R 2 each connecting one oxygen and the "free" hydrogen atom, R 4 connecting two centers of mass of the OH groups, and R 3 connecting the shared hydrogen atom and the center of mass of the O 2 H 2 fragment (accordingly for the deuterated cases). Assuming the total angular momentum J 2 = 0 the kinetic energy operator depends on the internal coordinates only. Based on these Jacobi coordinates the following nine internal coordinates are chosen:
the lengths R 1 , R 2 , and R 4 , of the vectors R 1 , R 2 , and R 4 , respectively, the three Cartesian components of the BH, x, y, and z, being the components of R 3 , the angle θ 1 (θ 2 ) between R 1 and R 4 (R 2 and R 4 ), and the dihedral angle φ between the planes spanned by the vectors (R 1 , R 4 ) and (R 2 , R 4 ) which describes the torsional motion. Notice that due to its definition with respect to the Jacobi vectors, φ is slightly different from the torsional coordinate used in Ref. [15] . For the origin we use the center of mass and z is defined along the direction of R 4 , i.e. it roughly corresponds to the BH stretch mode.
In principle the exact kinetic energy operator can be obtained in terms of arbitrary coordinates by proper quantization of the classical Lagrangian. As it contains hundreds of terms one needs to compromise and we neglected the coupling between the angular momenta of the BH and the O 2 H 2 fragment. For J 2 = 0 this yields the kinetic energy operator given in the Appendix which contains 21 terms only. Notice that in the following numerical simulations we will use the new variables u i = cos θ i (i = 1, 2).
The full-dimensional potential energy surface is constructed by cumulative expansion of different correlation orders [31] . Following the strategy of Ref. [4] we will combine certain groups of coordinates to treat their correlation exactly. Specifically we have chosen the three
, and g 3 = [x, y, z]. The final expansion we used to generate the 9D PES reads
where V (n) gives the n-mode correlation between sets of coordinates. Notice, however, that this PES contains up to 6-mode correlations between individual coordinates. In Eq. (1) V 0 is the energy of the reference geometry, g Table I ).
For generating the PES in the given coordinates we have used the fitted CCSD(T)/augcc-pVTZ potential of Bowman and coworkers [15] . Two representative cuts of the PES are shown in Fig. 2 .
B. MCTDH Propagation
The vibrational ground state of the different isotopomers has been obtained from numerical solution of the time-dependent Schrödinger equation in imaginary time [32] . For the propagation we used the MCTDH method [29, 30] as implemented in the Heidelberg program package [33] . Here, the wavefunction is expanded as a superposition of Hartreeproducts consisting of time-dependent single particle functions (SPFs). A prerequisite for efficient propagation is a Hamiltonian which has product form. While the kinetic energy operator fulfills this requirement, the potential has been fitted to a sum of products using the POTFIT approach [30] . Further, the strongest correlations between different sets of coordinates are those involving the BH motion. For the fully deuterated case we obtain 4481 cm −1 which is also in accord with the DMC result (4487± 5 cm −1 ).
Next we discuss the general trend in ZPE change upon H/D substitution. Inspecting contributions depend, of course, on the chosen reference geometry for the PES expansion, it seems plausible that, for instance, the correlation between the bridging hydrogen set g 3 and both sets g 1 and g 2 plays a significant role for the ground state wave function. As a caveat we note that these findings do not necessarily imply a simultaneous coupling between all modes of the given sets.
B. Secondary geometric isotope effect
Having at hand the ground state wave functions we can calculate the secondary GIE, i.e., In passing we note that the fully deuterated case has also been investigated using the finite temperature path integral method at a lower level of quantum chemistry [34] . 
IV. SUMMARY
The monohydrated hydroxide anion is a prototype for a strongly hydrogen-bonded lowbarrier system whose structure is symmetrized by zero-point vibrational motion. An accurate theoretical prediction of the associated ground state wave function requires to treat the dynamical problem in full-dimensionality. Using the CCSD(T) potential energy surface of Bowman and coworkers [15] we have shown that the MCTDH approach for wave packet propagation [29] can meet this challenge. Comparing the vibrational ground state wavefunctions and ZPEs for different isotopomers the following conclusions could be drawn: First, in accord with the general view that for ions bridging donor and acceptor by a hydrogen atom is more favorable than bridging by a deuterium. The general trend for the considered systems is that in terms of ZPE the H-bonds are about 80 cm Although this seems merely to confirm the results of the harmonic analysis reported in Ref.
[24], the present full-dimensional treatment is providing a more realistic physical picture by accounting not only for the symmetrization of the structure due to zero point motion but also for the anharmonicity of the potential energy surface. Viewed from the perspective of 
Appendix
The kinetic energy operator is derived by direct quantization of the classical kinetic energy
where Q is a vector including all generalized coordinates and † means Hermitian conjugate which is equivalent to transpose in the classical kinetic energy. The corresponding momentum operator is defined by P = −i ∂/∂Q and hence the quantum kinetic energy operator is T = This gives the following 9D kinetic energy operator:
with
The non-Euclidean normalization according to the volume element is d τ = dR 1 dR 2 dR 4 dxdydzdu 1 du 2 dφ. The reduced masses are defined as follows: HOHOH − -
and µ 
